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ABSTRACT 
 
 
 
Crosby, Julie A. M.S., Purdue University, December 2011.  Reverse Genetics and 
Functional Complementation Experiments Unveil a Unique Nucleobase Cation 
Symporter AtNCS1 in Arabidopsis thaliana. Major Professor: George S. Mourad. 
 
 
 
Locus At5g03555 encodes for the sole nucleobase cation symporter 1(AtNCS1) in 
the Arabidopsis genome.  Independently derived Arabidopsis insertion mutants, AtNcs1-1 
and AtNcs1-3, were used for in planta toxic nucleobase analog growth studies and radio-
labeled nucleobase uptake assays to characterize solute transport specificities.  These 
results correlate with similar growth and uptake studies of AtNCS1 expressed in 
Saccharomyces cerevisiae.  Both in planta and heterologous expression studies in yeast 
revealed a unique solute transport profile for AtNCS1 in moving adenine, guanine and 
uracil.  This is in stark contrast to the canonical transport profiles determined for the well-
characterized S. cerevisiae NCS proteins FUR4 (uracil transport) or FCY2 (adenine, 
guanine, and cytosine transport).
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CHAPTER 1. INTRODUCTION 
 
 
 
Role of Nucleobases 
Nucleobases play a crucial role in metabolism, growth and proper development in 
plants. The metabolism of nucleic acids, carbohydrates, glycoproteins, and phospholipids 
as well as the synthesis of many secondary metabolites such as cytokines, therobromine 
and caffeine are just a few examples of the uncountable biochemistries dependent upon 
nucleobases (Kafer et al., 2004; Zrenner et al., 2006).  The biochemistry is a sophisticated 
balance between de novo synthesis, degradation and salvage reactions pathways.  
Another important faucet of nucleobase biochemistry is the vast compartmentalization, 
making it necessary for extensive intracellular (between organelles within a cell) and 
intercellular (between different cells and organs within the plant) transport of these 
compounds (Kafer et al., 2004; Zrenner et al., 2006).  The number of nucleobase 
transporters in plants is much greater than in microbes, since microbe nucleobase 
transporters primarily serve in the salvaging of external nitrogen sources, along with 
microbes being unicellular they lack the need for intercellular transport. 
 
Salvage and de novo Synthesis of Nucleobases 
In plants, nucleotides can be synthesized de novo from simple molecules, or be 
derived from preformed nucleosides and nucleobases via salvage reactions.  Nucleotides 
are degraded to simple metabolites, and this process permits the recycling of phosphate, 
nitrogen and carbon into central metabolic pools (Zrenner et al., 2006).  Purine and 
pyrimidine de novo synthesis proceed by separate pathways and involves multiple 
subcellular compartments.  In the nucleobase biosynthetic pathway the initial steps occur 
in the plastids including the ring formation, however, the transport of nucleobases and 
nucleosides between the plastid and the cytosol is yet unknown (Maurino et al., 2006).  
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Nucleotide de novo synthesis pathways have high energy requirements and are essentially 
regulated by the available sources of nitrogen, carbon, and phosphate (Schmidt et al., 
2006). 
In order to conserve energy and recycle nitrogen nucleobases salvage pathways 
operate.  There exist significant interplay between nucleobases de novo synthesis and 
salvage.  One illustrative example is the salvage of nucleobases and nucleotides in 
endosperm tissue early in seed germination.  Here nitrogen stored as nucleobases is 
transferred to the geminating seed.  From there after seedlings gain an active de novo 
synthesis regime. At later times in plant development the interplay of de novo synthesis 
and salvage of nucleobases and nucleotides plays an important role in source/sink 
relationships.  In developing embryos the de novo pathway is very active as well as the 
salvage pathway is operating.  Research indicates that de novo synthesis is essential at a 
whole plant level and presumably in specific cells and tissues or developmental stages.  It 
also indicates in many tissues or conditions the transport of free bases or nucleosides and 
the subsequent salvage pathway may provide an alternative source of nucleotides 
(Zrenner et al., 2006).  This interplay of synthesis and salvage relies upon extensive intra 
and intercellular transport of nucleobases. 
 
Nucleobase Transporters 
The extent and importance of nucleobase transport is reflected in the Arabidopsis 
genome which contains six different gene families encoding for nucleobase transporters.  
Two transporter families are unique to plants and include the purine permease (PUP) with 
twenty one members and ureide permease (UPS) with eight members.  Characterized 
Arabidopsis PUP proteins transport adenine, cytosine or secondary compounds such as 
cytokinins and caffeine (Gillissen et al., 2000; Bürkle et al., 2003; Cedzich et al., 2008).  
Two transporters in the Arabidopsis UPS family transport uracil, allantoin and the 
purines xanthine and hypoxanthine (Desimone et al., 2002; Schmidt et al., 2004 & 2006), 
and a UPS from French bean transports allantoin (Pélissier et al., 2004).  The remaining 
four nucleobase transporter families have orthologs present in other prokaryotic and 
eukaryotic taxa.   Nucleobase-ascorbate transporters (NATs) are ubiquitous and transport 
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oxidized purines, xanthine, hypoxanthine and uric acid, uracil, or in mammals ascorbate 
(de Koning and Diallinas 2000; Pantazopoulou and Diallinas 2007).  Although none of 
the twelve identified Arabidopsis NAT loci are yet functionally-characterized, the maize 
Leaf Permease 1 transports xanthine and uric acid (Schultes et al., 1996; Argyrou et al., 
2001). The AzgA transporter family in Arabidopsis facilitates the movement of adenine, 
guanine and uracil (Mansfield et al., 2009).  The sole member of the nucleobase cation 
symporter 1 (NCS) is encoded by Arabidopsis locus At5g03555 and encodes a protein 
with significant amino acid similarity to FUR4, a uracil transporter of Saccharomyces 
cereviciae (Jund et al., 1988). 
With the Arabidopsis genome being fully sequenced and the significant amino 
acid similarly of locus At5g03555 to FUR4, it is hypothesized that the putative AtNCS1 
will also transport nucleobases.  Through reverse genetics and functional 
complementation experiments this project aims to determine the solute specificity of this 
proposed nucleobases transporter within Arabidopsis.  
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CHAPTER 2. METHODS AND MATERIALS 
 
 
 
Arabidopsis Genetic Stocks and Growth Conditions 
Arabidopsis lines WiscDsLox419Co3 [ABRC # CS854962] (Woody et al., 2007), 
and GK-266G10 [ABRC# CS305244] (Rosso et al., 2003), were obtained from 
Arabidopsis Biological Resource Center (Columbus, OH, USA) and  line ET8162 from 
Cold Spring Harbor Laboratory (Cold Spring Harbor, NY, USA) (Sundaresan et al., 
1995).   
The Arabidopsis seeds were surface-sterilized and then plated on minimal 
Arabidopsis media (MAM) (Mourad et al., 1993) which consists of 5 mM KNO3, 2.5 mM 
KH2PO4, 2 mM MgSO4.7H2O, 0.05 mM EDTA ferric-sodium salt, 15 mM sucrose,     
5.53 µM H3BO4, 1.4 µM MnCl2.4H2O, 1 µM ZnSO4.7H2O, 10 µM NaCl, 0.5 mM 
CuSO4, 0.2 µM Na2MoO4.2H20 and 0.02 µM CoCl2.2H20.  The media was prepared at a 
pH of 5.6. Agar was added at 6.0g/L and media was autoclaved.  After the seeds were 
planted on the surface of the agar they were vernalized at 4ºC for 24 hours and then 
transferred to a Percival CU-32L tissue culture chamber (Percival, Boone, IA) at 20º C 
under constant light.   
For dose effect experiments AtNcs1-1 or AtNcs1-3 and wild type were plated on 
MAM media containing 0-100 µM of 8-azaadenine or 8-azaguanine or 5-Fluorouracil 
which was filter sterilized and added after autoclaving as described above.  After two 
weeks seedlings were carefully removed intact from the media in groups of 20 with 
forceps.  The seedlings were lightly blotted to remove any remaining media and weighed.   
Average weight was determined for each group in triplicate for each concentration and 
each toxic analog.  
 
 
5 
 
Molecular Manipulations 
 Arabidopsis DNA was extracted using DNeasy Plant Mini Kit (Qiagen, Valencia, 
CA, USA) or QuickExtract (Epicentre, Madison, WI, USA).  Individual plants from 
insertion lines GK-266G10, ET8162 and WiscDsLoc419Co3 were genotyped by 
multiplex PCR using gene-specific primers (F12E4C, F12E4G, LP-03555 or RP-03555 ) 
and T-DNA specific primers (GABITDNA, Ds3-2 or P745)(Table 1).  Total RNA was 
isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) from tissues at different 
developmental stages by Dr. Schultes.  Reverse transcription was performed using 
Reverse Transcriptase M-MuLV (Roche, Basel, Switzerland) at 42oC for 2 h and then 
treated with DNA-free (Ambion, Austin, TX, USA) by Dr. Shultes.  Subsequent PCR 
amplification with Taq DNA Polymerase (Qiagen) using oligonucleotides LP-03555 and 
RP-03555 or AtACT2A and AtACT2B was performed for 30 cycles of 94oC 30 s, 55oC   
30 s and 70oC 2 min in a Mastercycler gradient machine (Eppendorf, Hamburg, 
Germany). Genomic DNA from Arabidopsis Columbia wild type was amplified with 
primers At5g03555YEA and At5g03555YEB and the resulting DNA fragment treated  
with Xho I and Sph I, ligated with Xho I/Sph I linearized pRG399 (Mansfield et al., 2009) 
to form plasmid pRH369 by Dr. Schultes. 
 
Yeast Cultures and Transformation 
 Saccharomyces cerevisiae strains FY1679-5C [MAT a leu2Δ1 his3Δ200 ura3-52] 
(Wagner et al., 1998) and RG191 [Mat a, fcy2Δ:: kanMX4, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0] (Winzeler et al., 1999) and NC122-sp6 [Mat leu2 Δ fur4Δ] (Jund et al., 1988) 
were grown in YPD (1% yeast extract, 2% peptone, 2% glucose, 1.8% agar (solid 
media)) or on Synthetic Complete medium (SC) (0.67% yeast nitrogen base, 2% glucose, 
amino mix (his, ura, trp, met, leu) 1.8% agar (solid media)) at 30˚C.  Yeast 
transformation was by the lithium acetate method (Gietz et al., 2002).  Yeast expression 
vectors complemented a lost gene (LEU2) for leucine biosynthesis in the RG191 as well 
as NC122-sp6 yeast strains and leucine was subtracted from media for transformed lines.  
This ensure the transformed yeast maintain the expression vector. 
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Radiolabel Uptake Experiments 
Five- and eleven-day-old seedlings were transferred from MAM onto MAM 
supplemented with [8-3H]guanine (3.7 kBq ml-1), [2,8-3H]adenine (3.7 kBq ml-1)  or  
[5,6-3H]uracil  (12.33 kBq ml-1 ) (Moravek Biochemicals, Brea, CA) or MAM alone. The 
plants were grown for 2 days in conditions of constant light at 20oC, then removed and 
weighed. Three 75 mg samples of selected genotype tissue were homogenized in 0.5 mL 
of 20 mM Tris-HCl, pH 8. After homogenization, samples were centrifuged at 12,000 
rpm for one minute. For each sample, the radioactivity in 0.1 ml of extract was 
determined by mixing with 3 ml of EcoLume scintillation fluid (ICN, Costa Mesa, 
California) and measured by a Beckman LS 6000IC liquid scintillation counter (Beckman 
Coulter, Fullerton, California). 
 
Radionucleobase Uptake by Yeast Expressing AtNCS1-1 
Yeast from overnight cultures were diluted to an OD600 of 0.15 in 50 mL of SC 
media and allowed to grow until they reached an OD600 of 0.6. Cells were harvested by 
centrifugation, washed and re-suspended in 100 mM citrate buffer, pH 3.5, with 1% 
glucose at an OD600 of 12. The yeast suspension was pre-incubated for two minutes at 
30˚C.  Equal volumes (50 µL) of yeast suspension and buffer containing radio-
nucleobases were combined and mixed. Nucleobase concentration in the added buffer 
was 1.0 µM [8-3H]-guanine or 1.0 µM [2,8-3H]adenine or [5,6-3H]uracil (12.33 kBq ml-1) 
(Moravek Biochemicals, Brea, CA). The composition of the assay solution included yeast 
at OD600 of 6 with 0.5µM [8-3H]-guanine or [2,8-3H]adenine or [5,6-3H]uracil  in         
100 mM citrate buffer (pH 3.5) with 1% glucose. The mixture was incubated at 30˚C 
with samples taken at 0 and 2.5 min. Sampling was accomplished by transferring 50 µL 
of the suspension to 4 mL of ice-cold water quenches uptake of the radiolabeled 
compounds. The resulting solution was filtered through a 0.45 µm Metricel membrane 
filter (Gelman Scientific, Ann Arbor, MI) and filters were washed with 8 ml of water. 
The filters with yeast cells were placed in scintillation tubes with 3 ml scintillation fluid 
(EcoLume) and the remaining radioactivity was then measured by scintillation counter 
(Beckman Coulter, Fullerton, California). 
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Radionucleobase Uptake by Yeast Expressing AtNCS1-1 with a Protonophore 
Yeast suspensions were prepared as above. Equal volumes (50 µL) of yeast 
suspension and buffer containing radio-nucleobases or a buffer containing 
radionucleobases along with carbonyl cyanide m-chlorophenylhydrazone (CCCP) were 
combined and mixed. The concentration of nucleobases in the added buffer was 1.0 µM 
[5,6-3H]uracil  (12.33 kBq ml-1 ) (Moravek Biochemicals, Brea, CA). The composition of 
the final solution was yeast at OD600 of 2 with [5,6-3H]uracil or OD600 of 2 with         
[5,6-3H]uracil and 100µM CCCP in 100 mM citrate buffer (pH 3.5) with 1% glucose. 
The mixture was incubated at 30˚C with samples taken at 0 and 2.5 min. Sampling was 
accomplished by transferring 50 µL of the suspension to 4 mL of ice-cold water which 
ended the uptake of the radiolabeled compounds. This was filtered through a 0.45 µm 
Metricel membrane filter (Gelman Scientific, Ann Arbor, MI) and filters were washed 
with 8 ml of water. The filters with yeast cells were placed in scintillation tubes with 3 ml 
scintillation fluid (EcoLume) and radioactivity was then measured by scintillation counter 
(Beckman Coulter, Fullerton, California).   
 
Statistical Analysis 
Statistical analysis was completed using student’s unpaired t-test.  A p value of 
0.05 was used.  Error bars indicate standard error of the mean of three independent 
experiments. 
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Table 1. Oligonucleotide primers used in this study 
________________________________ 
 
Oligonucleotide  
 
 
DNA sequence (5’ – 3’) 
At5g03555YEA CCGCTCGAGATGACCGGCTCAGAAATT
AATG 
At5g03555YEB ACATGCATGCTTACAAAAGCGGATGTG
AAGA 
AtACT2A TCCTCACTTTCATCAGCCG 
AtACT2B ATTGGTTGAATATCATCAGCC 
Ds3-2 CGATTACCGTATTTATCCCGTTC 
F12E4C AAGCTTCATCTTCAGAAGCCAAAAGGT
TGG 
F12E4G GGATCCCGCTGAGAGTCGTGGGCGGAT
GAC 
GABITDNA ATATTGACCATCATACTCATTGC 
LP-03555 GAATTTCCTTCCCTGTCCTTG 
RP-03555 CCGGAGGGACTCAAAGAGTAC 
P745 AACGTCCGCAATGTGTTATTAAGTTGTC 
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CHAPTER 3. RESULTS 
 
 
 
Arabidopsis Locus At5g03555 Encodes for AtNCS1 
Arabidopsis locus At5g03555 (renamed Arabidopsis thaliana nucleobase cation 
symporter 1 or AtNCS1) encodes for a unique protein with sequence and structural 
characteristics common with members of the nuclebase cation symporter 1 superfamily.  
Despite the extensive evolutionary distance between plants and yeast, AtNCS1 shares 
substantial amino acid homology (26-30% amino acid identity and 48-50% amino acid 
similarity) (Table 2) to the well characterized S. cerevisiae NCS1 FUR4 family including 
FUR4 (uracil transporter),  DAL4  (allantoin transporter),  FUI1 (uridine transporter), 
THI7 (thiamine transporter) and lesser levels of sequence similarity to the FCY2 family 
including the cytosine-adenine transporters FCY2 , 21 & 22 and vitamin B6 transporter 
TPN1 ( de Kong et al., 2000; Pantazopoulou et al., 2007; André, 1995; Stolz and 
Vielreicher, 2003).  In addition, AtNCS1 shares common secondary structures with 
NCS1 proteins having twelve predicted transmembrane spanning domains similarly 
positioned with those in FUR4 (Figure 1).  AtNCS1 shares thirty of thirty four amino 
acids highly conserved among NCS1 proteins a number of which are likely involved in 
solute and cation interactions (André, 1995, Shimamura et al., 2010).  Together these data 
solidly place AtNCS1 in the NCS1 super family. 
 
Molecular Characterization of the AtNCS1 Locus 
  Three independent Arabidopsis insertion mutant lines were analyzed.   
Representative homozygous wild type, heterozygous and homozygous mutant individuals 
from a segregating family were genotyped by PCR analysis for T-DNA insertion line 
WiscDsLox419Co3 (Figure 2 & 3).  We designated this insertion mutation allele as 
AtNcs1-1.  The DNA insertion in line GK-266G10 locates to +6 bp downstream of ATG-
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and is designated as allele AtNcs1-2 (Figure 2).  Enhancer trap line ET8162 carries an 
insertion at +129 bp and is designated as AtNcs1-3 (Figure 2).  No difference in visible 
phenotype and fertility is observed between AtNcs1-1, AtNcs1-2, AtNcs1-3 and wild type 
lines of Arabidopsis.  
 
AtNCS1 Null Mutants Show Resistance to Certain Purine and Pyrimidine Analogs 
Three different homozygous T-DNA insertion mutants in the AtNCS1 locus were 
tested for their ability to germinate and grow in a range of toxic purine or pyrimidine 
analog concentrations.  In comparison to wild type, homozygous AtNcs1-1 mutants 
displayed resistance to toxicity of 8-azaadenine, 8-azaguanine, and 5-fluorouracil (Figure 
4A, 4B, 5, 6).  AtNcs1-1 displayed 2.3-fold more resistance to 8-azaguanine than wild 
type (wild type I50 = 3 µM; AtNcs1-1 I50 = 7 µM) (Figure 6).  However, AtNcs1-1 
displayed lower levels of resistance to 8-azaadenine, only 0.7-fold resistance compared to 
wild type (wild type I50 = 7 µM; AtNcs1-1 I50 = 10 µM) (Figure 5).  This differential level 
of sensitivity to 8-azaguanine and 8-azaadenine can be clearly demonstrated at 5 µM and 
10 µM.  For wild type, at 5 µM, seedling fresh weight was 62% of the control in case of 
8-azaadenine and only 10% in case of 8-azaguanine while for AtNcs1-1 it was 70% of the 
control for 8-azaadenine and 43% of the control for 8-azaguanine (Figure 5, 6).  AtNcs1-3 
mutant seedlings displayed a growth curve for 8-azaguanine very similar to that of 
AtNcs1-1 seedlings.  AtNcs1-3 was 3-fold more resistant to 8-azaguanine than wild type 
(wild type I50 = 4 µM; AtNcs1-3 I50 = 12 µM) (Figure 8).  As for resistance to                 
5-fluorouracil,  AtNcs1-1 was 2-fold more resistant than wild type (wild type I50 = 12 
µM; AtNcs1-1 I50 = 24 µM) (Figure 7).  At 20 µM 5-fluorouracil, seedling fresh weight 
was 55% of the control in AtNcs1-1 and only 30% of the control in wild type (Figure 6). 
The AtNcs1-2 mutant line was as sensitive as the wild type to 8-azaguanine (data not 
shown). 
 
In planta Radio-Labeled Nucleobase Uptake Studies 
In planta radiolabeled nucleobase uptake experiments were performed and show 
that the uptake of [3H]-adenine and -guanine by 11-day-old seedlings was significantly 
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reduced in AtNcs1-1 compared to Columbia wild type (Figure 9).  Compared to wild 
type, AtNcs1-1 uptake of [3H]-guanine was reduced by 50% while uptake of [3H]-adenine 
was reduced by 40% (Figure 9).  On the other hand, in seedlings of the same 
developmental stage uptake of [3H]-uracil was significantly reduced in the wild type 
compared to AtNcs1-1 (Figure 10).  Uptake of [3H]-uracil by wild type was reduced by 
about 20% when compared to AtNcs1-1 (Figure 10).  Radiolabel uracil uptake 
experiments were conducted with 5-day-old seedlings and revealed that AtNcs1-1 
accumulates a significantly smaller amount of [3H]-uracil compared to wild type (Figure 
11). 
 
Heterologous Complementation Studies Confirm that AtNCS1 is a Nucleobase 
Transporter 
Heterologous complementation studies in Saccharomyces cerevisiae were 
performed to test whether AtNCS1 could act in a transport capacity outside of a plant. A 
yeast expression plasmid containing sequences encoding for a short AtNCS1 protein that 
was transformed into two yeast strains deficient in either fcy2 (adenine-cytosine-guanine 
transport) or fur4 (uracil transport) took up significantly more [3H]-guanine, [3H]-adenine 
as well as [3H]-uracil than the controls deficient in these transporters (Figure 12-14). 
These results match the toxic analog growth studies and radio-labeled nucleobase uptakes 
studies in planta.   
 
Protonophore Decrease [3H]-Uracil Uptake in Yeast Expressing AtNCS1 
A yeast expression plasmid containing sequences encoding for a short AtNCS1 
protein that was transformed into a yeast strain deficient for fur4 (uracil transport) was 
used in this experiment.  Uptake was significantly blocked by the protonophore carbonyl 
cyanide m-chlorophenylhydrazone (CCCP) (Figure 15), suggesting that at least one 
component for uracil uptake depends on the proton gradient across the plasma membrane.     
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Table 2. Sequence comparison of AtNCS1 to homologs of other organisms.  
Sequence Comparison 
Gene Protein Homology 
Species Symbol Identity (%) Similarity (%) 
A. thaliana AtNCS1   
     vs. S. cerevisiae FUR4 27.6 48.7 
     vs. S. pombe Fur4 32.0 53.1 
     vs. K. lactis KLLA0D03454g 28.2 42.0 
     vs. M. grisea GeneID:2678235 33.3 43.9 
     vs. N. crassa NCU07334 33.4 43.4 
     vs. O. sativa Os02g0666700 64.5 61.3 
 
 
 
 
 
 
13 
 
 
 
Figure 1.  Amino acid sequence similarity and phylogenetic relationships of AtNCS1.   
Alignment of AtNCS1 (GenBank # AAL25608.1) and the uracil transporter from 
Saccharomyces cerevisiae ScFUR4 (NP_009577) by ClustalW (Thompson et al., 1994).  
Black boxes represent amino acid identity while grey boxes indicate amino acid 
similarity.  Predicted transmembrane spanning domains are indicated for AtNCS1 (light 
gray bars) and ScFUR4 (black bars) using TMHMM (Krogh et al. 2001). 
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Figure 2.  Molecular analysis of the At5g03555 locus. Physical map of locus At5g03555 
(AtNCS1) is delineated by the solid arrow.  ATG indicates predicted start codon. The 
name, position and 5’ to 3’ direction of oligonucleotide primers are given.  Triangles 
indicate positions of WiscDsLox419Co3 (WISC), GK-266G10 (GABI) and ET8162 (ET) 
T-DNA insertions.   
 
 
 
 
 
Figure 3. Genotype analysis of the WISC line segregating for the AtNcs1-1 insertion. 
Lane 1 contains molecular size standards,  lanes 2 and 3 show AtNCS1- specific DNA 
fragments (973bp) representative of homozygous wild type individuals, lane 4 
heterozygous AtNCS1/AtNcs1-1 (973bp and 650bp) individual and lane 5 individual 
homozygous for the insertion AtNcs1-1/AtNcs1-1.   
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Figure 4.  Growth of AtNcs1-1 mutant and Columbia wild type on a toxic purine or 
pyrimidine analog.  Ten-day-old AtNcs1-1/AtNcs1-1 (left side) and Columbia wild type 
(right side) seedlings grown in MAM agar medium supplemented with 5µM                    
8-azaguanine (A) or 80µM 5-fluorouracil (B).    
 
 
 
Figure 5. Effect of a concentration series of 8-azaadenine on the fresh weight of    
AtNcs1-1.  Values shown are the mean of three independent experiments.  Error bars 
indicate the standard error of mean. 
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Figure 6. Effect of a concentration series of 8-azaguanine on the fresh weight of     
AtNcs1-1.  Values shown are the mean of three independent experiments.  Error bars 
indicate the standard error of mean. 
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Figure 7. Effect of a concentration series of 5-fluorouracil on the fresh weight of       
AtNcs1-1.  Values shown are the mean of three independent experiments.  Error bars 
indicate the standard error of mean. 
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Figure 8. Effect of a concentration series of 8-azaadenine on the fresh weight of     
AtNcs1-3.  Values shown are the mean of three independent experiments.  Error bars 
indicate the standard error of mean. 
 
 
 
 
 
 
 
 
 
AtNcs1-3 
Wild Type 
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Figure 5. Uptake of [3H]adenine and [3H]guanine by eleven-day-old seedlings. 
Eleven-day-old seedlings were transferred to MAM media containing 
radiolabeled adenine or guanine. After two days, seedlings were removed, 
extracted as in Materials & Methods, then the radioactivity in 0.1 mL of the 
extract was assayed by liquid scintillation counter. The color code for the bars is 
as follows: wild type, black; AtAzg2-1, dark grey; AtAzg1-1, light grey; and double 
mutant, white. Values shown are from an average of three independent 
experiments.  Error bars indicate the standard error of mean. 
 
 
Figure 8. 
 
 
 
 
Figure 9.  Uptake of [3H]-adenine, and -guanine by AtNcs1-1 mutant and Columbia wild 
type seedlings.  Radio-labeled purine uptake was measured in extracts of 11-day-old.  
Values shown are the mean of three independent experiments.  Error bars indicate the 
standard error of the mean.  Statistical analysis used an independent paired t-test.  
Significance was measured at p = 0.05 (*). 
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Figure 10. Uptake of [3H]-uracil by AtNcs1-1 mutant and Columbia wild type seedlings.  
Radio-labeled uptake of uracil was measured in extracts of 11-day-old seedlings.  Values 
shown are the mean of three independent experiments.  Error bars indicate the standard 
error of the mean.  Statistical analysis used an independent paired t-test.  Significance 
was measured at p = 0.05 (*).  
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Figure 11. Uptake of [3H]-uracil by AtNcs1-1 mutant and Columbia wild type seedlings.  
Radio-labeled uptake of uracil was measured in extracts of 5-day-old seedlings.  Values 
shown are the mean of three independent experiments.  Error bars indicate the standard 
error of the mean.  Statistical analysis used an independent paired t-test.  Significance 
was measured at p = 0.05 (*).  
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Figure 12. Growth of Saccharomyces cerevisiae expressing AtNCS1.  The yeast 
expression plasmid (pRH369) containing sequences encoding for a short AtNCS1 protein 
that was transformed into a yeast strain deficient in fcy2 (adenine-cytosine-guanine 
transport) took up significantly more [3H]-adenine than the controls deficient in these 
transporters. 
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Figure 13. Growth of Saccharomyces cerevisiae expressing AtNCS1. The yeast 
expression plasmid (pRH369) containing sequences encoding for a short AtNCS1 protein 
that was transformed into a yeast strain deficient in fcy2 (adenine-cytosine-guanine 
transport) took up significantly more [3H]-guanine than the controls deficient in these 
transporters. 
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Figure 14. Growth of Saccharomyces cerevisiae expressing AtNCS1. The yeast 
expression plasmid (pRH369) containing sequences encoding for a short AtNCS1  
protein that was transformed into a yeast strain deficient in fur4 (uracil transport)         
took up significantly [3H]-uracil than the controls deficient in these transporters.
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Figure 15. Growth of Saccharomyces cerevisiae expressing AtNCS1. The yeast 
expression plasmid  (pRH369) containing sequences encoding for a short AtNCS1 
protein that was transformed into a yeast strain deficient in fur4 (uracil transport) took up 
significantly less [3H]-uracil than the controls deficient in these transporters in the 
presence of CCCP. 
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CHAPTER 4.  DISCUSSION 
 
 
 
Nucleobase Transport Families 
There are three evolutionarily distinct protein families of nucleobase-specific 
transporters found among microbes and multicellular organisms.  They are the 
Nucleobase Cation Symporter Family 1 (NCS1) also known as Purine Related 
Transporter family (PRT).  The Nucleobase Ascorbate Transporter family (NAT) also 
known as NCS2 (Diallianas and Gournas, 2008; Möhlmann et al., 2010).  The AzgA-like 
family (Mansfield et al., 2009) and Equilibrative Nucleoside Transporter family (ENT) 
(Diallinas and Gournas, 2008).   Most of the members are specific for purines and or 
pyrimidines.  In plants however there are two additional unique families of nucleobase 
transporters PUP (Purine Permease) and UPS ( Ureide Permease) which are also know to 
transport purine related metabolites (i.e. cytokinin, caffine) (Diallianas and Gournas, 
2008; Möhlmann et al., 2010).    These nucleobases are essential for primary and 
secondary metabolism as well as gene expression.  These nucleobases also serve as direct 
precursors for the synthesis of B-class vitamins such as riboflavin, thiamine and folates 
and coenzymes such as NAD and FAD (Zrenner et al., 2006) 
 
In planta Experiments AtNcs1 
The first step to determining solute specificity for AtNCS1 was planting 
homozygous T-DNA insertion mutants on various toxic analogs.  When AtNcs1-1 was 
planted on 8-azaguanine, it is clear that these plants have significant resistance when 
compared to the wild type (Fig 4A and 6).  This was also true when AtNcs1-1 was planted 
in 8-azaadinine (Fig 5) and on 5-fluoruracil (Fig 4B and 7).  Additional toxic analogs 
were test by Dr. Schultes lab at the Connecticut Agricultural Experiment Station and 
resistance to any other toxic analog was not found (Table 3).
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To verify that these results were truly due to the mutation within locus At5g03555 
an independently derived mutant line AtNCS1-3 was also tested.  When AtNcs1-3 was 
planted on 8-azaadinine similar results were found (Figure 8), indicating that the 
resistance to these toxic analogs was due to mutation within this locus and not a 
secondary mutation elsewhere within the Arabidopsis genome.   
Studies reveal that nucleobase transports possess specific solute transport 
specificities. It is also evident that nucleobases transporter share overlapping solute-
transport profiles.  It is becoming clear that just as nucleobases transporter have distinct 
yet overlapping solute transport specifieties their associated genes also have distinct yet 
overlapping tissue and developmental profiles (Mourad et al., 2006; Möhlmann et al., 
2010; Bürkle et al., 2003; Gillissen et al., 2000; Desimone et al., 2002; Schmidt et al., 
2004; Mansfield et al., 2009).    This phenomenon is evident with our seemingly 
contradictory results with the in planta [3H]-uracil uptake experiments (Figure 10).  The 
results indicate that AtNCS1 may not act as the main transporter for uracil at 11 days post 
germination, suggesting that other transporters are then more active.  Indeed AtUPS1 & 2 
and to a lesser extent AtAzgA2 also transport uracil (Schmidt et al., 2004; Mansfield, et 
al., 2009).  Both AtUPS genes are very weakly expressed in 5-day old seedling, yet 
AtNCS1 is expressed.  When radiolabel uracil uptake experiments were conducted with 
5-day old seedlings this revealed AtNcs1-1 accumulates a significantly smaller amount of 
[3H]-uracil compared to wild type (Figure 11).  The result suggests that AtNCS1 is an 
important source of uracil transport in 5-day old seedlings when AtUPS1 & 2 contribute 
minimally.  Interestingly at germination and the first week of seedling development, 
nucleobase salvage, particularly uracil salvage, is essential for seedling development with 
strong expression of genes encoding pyrimidine salvage enzymes (Stasolla et al., 2003; 
Mainguet et al., 2009; Zrenner et al., 2009). As the seedlings develop after initial stage 
there is a shift toward de novo pyrimidine synthesis and recycling of pyrimidine 
nucleotides increases (Zrenner et al., 2009).  The shift in nucleobase salvage/synthesis-
degradation ratio may also be reflected in the presence and activities of different 
nucleobase transporters.  It appears that at 11 days, uracil transport in the seedling relies 
less on AtNCS1 and more on AtUPS2 or other transporters.  
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Heterologous Complementation Studies Confirm that AtNCS1 is a Nucleobase 
Transporter 
The fact that homozygous AtNCS1-1 seedlings display heightened resistance to    
8-azaguanine, 8-azaadenine and 5-fluorouracil and exhibit distinct radiolabeled-adenine,   
-guanine or -uracil uptake profiles compared to wild type plants is consistent with but 
does not verify that AtNCS1 acts as a nucleobase transporter.  Heterologous 
complementation studies in Saccharomyces cerevisiae were performed to test whether 
AtNCS1 could act in a transport capacity outside of a plant.  The genomic region 
encompassing orf2 (Figure 2) was cloned into a yeast expression vector (creating plasmid 
pRH369) by Dr. Schultes lab and transformed into two yeast strains deficient in either 
fcy2 (adenine-cytosine-guanine transport) or fur4 (uracil transport).  Yeast strains were 
grown on media containing 5-fluorocytosine, 8-azaadenine, 8-azaguanine, 5-fluorouracil 
or with uracil as the sole nitrogen source.  Results shown in Figure 16 indicate that yeast 
stains harboring pRH369 regain sensitivity to growth 8-azaadenine, 8-azaguanine, and on 
5-fluorouracil, but not to growth on 5-fluorocytosine compared to control strains deficient 
for fcy2 or fur4 (Figure 16A-D).   The uracil transport deficient yeast stain is unable to 
grow on uracil as a sole nitrogen source but regains this ability with pRH369 (Figure 
16E).  These results match the toxic analog growth studies and radio-labeled nucleobase 
uptakes studies in planta.  Toxic analog heterologous complementation studies were 
performed by Kevin Ann Hunt a student in Dr. Mourad’s lab.   
 
Experiments in Yeast Expressing AtNcs1-1 in the Presence of a Protonophore 
It has been shown with other transporters such as AtUPS1, AtUPS2, AtENT3 it 
appears that AtNCS1 is also reliant on a proton gradient (Chen et al., 2006; Desimone et 
al., 2002; Schmidt et al., 2006).  This was shown when the yeast expression plasmid 
containing sequences encoding for a short AtNCS1 protein that was transformed into a 
yeast strain deficient in fur4 (uracil transport) (pRH369) took up significantly less      
[3H]-uracil than the controls in the presence of CCCP (Figure 15).  This strongly suggests 
secondary active transport such as H+ symporter. 
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The Evolution of NCS Loci Highlights Different Needs in Nucleobase Biochemistry 
Between Plants and Fungi 
 NCS evolution differs between plants and fungi both in solute transport profiles 
and gene number.  This may reflect the fact that nucleobase transport in microbes mainly 
involves salvaging external nitrogen sources, while in plants it serves a robust and 
complex inter- and intra-cellular nucleobase biochemistry involving synthesis, catabolism 
and salvage.  AtNCS1 displays a unique solute transport profile among NCSs in moving 
adenine, guanine and uracil.  The canonical NCS transport paradigms derive from the 
well-studied FUR4 and FCY2 NCSs of Saccharomyces cerevisiae.  FUR4 members 
transport uracil, uridine, thiamine or allantoin but not adenine, guanine or cytosine.  
FCY2 family members transport adenine, guanine or cytosine but not uracil.  Among 
microbial NCSs there is some departure from the canonical FUR4 and FCY2 solute 
transport profiles.  For example,  the FurD gene of Aspergillus nidulans encodes for a 
uracil transporter that also recognizes xanthine and uric acid, has no affinity for adenine, 
guanine or cytosine, but mutant forms confer some resistance to growth on                     
5-fluorocytosine (Amillis et al. 2007).  This is not surprising as recent phylogenetic 
analysis supports the view that among the FUR4 family transport specificity has evolved 
independently several times among ascomycetes (Hamari et al. 2009).  However, unlike 
AtNCS1, no microbial NCS transporter appears to transport adenine, guanine and uracil 
in place of cytosine.  In Arabidopsis, similar transport specificities are shared between 
AtNCS1 and the unrelated AtAZG1 and 2 transporters, distant members of the 
NAT/NCS2 family (Mansfield et al., 2009). 
 There are differences not only in the number of NCS genes in plant vs. fungal 
genomes but more importantly in the genomic composition of other nucleobase 
transporter families.  The genomes of S. cerevisiae, S. pombe and A. nidulans contain 
numerous NCS loci and few or no loci from other nucleobase transporter families.  In 
contrast, plant genomes contain very few NCS genes but numerous NAT, ENT and plant-
specific PUP and UPS genes.  The lack of NCS genes is evident not only in angiosperm 
species but is also the norm in nonvascular plants such as Physcomitrella patens (two 
NCS), and in algal species such as Chlamydomonas reinhardtii (one NCS) and 
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Ostreococcus lucimarinus (two NCS loci). The skewed distribution of nucleobase 
transporters between plants and fungi reflect not only divergent evolutionary paths, but 
also the differences in complexity of nucleobase biochemistry in multicellular plant 
species.  
 
Conclusion 
 In summary four basic types of experiments were performed.  First the in planta 
toxic analog, second the in planta radio-labeled uptake experiments.  Both of these 
pointed to AtNCS1 being a nucleobases transporter of adenine, guanine and uracil.  Then 
functional complementation experiments with yeast were performed as well as radio-
labeled uptake experiments in yeast.  This confirmed the results of the in planta 
experiments in that AtNCS1 is truly involved in the uptake of adenine, guanine and uracil 
in Arabidopsis thaliana.   
  
 
Table 3.  Resistance of AtNcs1-1 mutants to a panel of toxic purine and pyrimidine  
analogs incorporated in the agar growth medium (+ = resistance; - = sensitive) * indicate  
toxic analogs tested by this author.  All were tested by the lab of Dr. Schultes at the 
Connecticut Agricultural Experiment Station. 
 
 
Toxic analog                                AtNcs1-1  
                                                                                                                   
 
8-Azaadenine    + *  
8-Azaguanine    + *  
5-Bromo-2’-deoxyuridine  -   
5-Fluorocytosine   -   
5-Fluoro-2’-deoxyuridine  -   
5-Fluoroorotic Acid   -   
5-Fluorouracil    + * 
Pyrithiamine    - 
Allantoin    - 
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Figure 16.  Growth of Saccharomyces cerevisiae expressing AtNCS1 on toxic purine or 
pyrimidine analogs.  The growth pattern of yeast strains: deficient for the adenine-
cytosine transporter fcy2 (RG191); deficient for the uracil transporter fur4 (NC122sp6); 
wild type for FCY2 and FUR4 (FY1679-5C); with an empty expression vector (pRG399); 
or with the AtNCS1 coding region placed under constitutive transcriptional control 
(pRH369) were grown on nutrient media with increasing amounts of 5-fluorocytosine 
(A), 8-azaguanine (B), 8-azaadenine (C) or 5-fluorouracil (D).  The growth pattern of 
NC122sp6 alone or containing pRH369 on nutrient media with uracil as the sole nitrogen 
source is presented in (E).  This work was performed by Kevin Ann Hunt a student in the 
lab of Dr. George Mourad.
 
 
 
 
 
 
